The NMR structures of the recombinant 217-residue polypeptide chain of the mature bovine prion protein, bPrP(23-230), and a C-terminal fragment, bPrP(121-230), include a globular domain extending from residue 125 to residue 227, a short flexible chain end of residues 228 -230, and an N-terminal flexibly disordered ''tail'' comprising 108 residues for the intact protein and 4 residues for bPrP(121-230), respectively. The globular domain contains three ␣-helices comprising the residues 144 -154, 173-194, and 200 -226, and a short antiparallel ␤-sheet comprising the residues 128 -131 and 161-164. The best-defined parts of the globular domain are the central portions of the helices 2 and 3, which are linked by the only disulfide bond in bPrP. Significantly increased disorder and mobility is observed for helix 1, the loop 166 -172 leading from the ␤-strand 2 to helix 2, the end of helix 2 and the following loop, and the last turn of helix 3. Although there are characteristic local differences relative to the conformations of the murine and Syrian hamster prion proteins, the bPrP structure is essentially identical to that of the human prion protein. On the other hand, there are differences between bovine and human PrP in the surface distribution of electrostatic charges, which then appears to be the principal structural feature of the ''healthy'' PrP form that might affect the stringency of the species barrier for transmission of prion diseases between humans and cattle. B ovine spongiform encephalopathy (BSE) or ''mad cow disease'' has in recent years been outstandingly visible among the transmissible spongiform encephalopathies (TSEs) or ''prion diseases.'' An intense discussion is focused on the likelihood that BSE could be transmitted to humans through the food chain, causing ''new variant Creutzfeldt-Jakob disease'' (nvCJD) (1-8). Although laboratory experiments provided contradictory evidence with regard to a stringent species barrier for infectious transmission of BSE to primates via the oral route (9, 10), there are strong indications that this species barrier might be crossed in real life, with humans ingesting beef in their daily diet.
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ovine spongiform encephalopathy (BSE) or ''mad cow disease'' has in recent years been outstandingly visible among the transmissible spongiform encephalopathies (TSEs) or ''prion diseases.'' An intense discussion is focused on the likelihood that BSE could be transmitted to humans through the food chain, causing ''new variant Creutzfeldt-Jakob disease'' (nvCJD) (1) (2) (3) (4) (5) (6) (7) (8) . Although laboratory experiments provided contradictory evidence with regard to a stringent species barrier for infectious transmission of BSE to primates via the oral route (9, 10) , there are strong indications that this species barrier might be crossed in real life, with humans ingesting beef in their daily diet.
On the molecular level the onset of TSEs has been related to a change in the three-dimensional structure of the host-encoded prion protein, PrP, with conversion of the ubiquitous ''cellular form'' of PrP, PrP C , into a disease-related ''scrapie form,'' PrP Sc , which is found as highly aggregated deposits in the brain of individuals with advanced stages of TSEs. The ''protein-only'' hypothesis (11) (12) (13) (14) actually proposes that PrP Sc is the causative agent of prion diseases. Studies of three-dimensional prion protein structures have therefore attracted keen interest, and nuclear magnetic resonance (NMR) solution structures have been described of the monomeric, cellular forms of the prion proteins from the mouse, mPrP (15) (16) (17) (18) , the Syrian hamster, shPrP (19) (20) (21) , and humans, hPrP (22) . These three proteins have closely similar global folds characterized by the presence of a flexible, ''unstructured'' 100-residue N-terminal ''tail'' attached to a globular domain of nearly identical size, but they also show localized structure variability that might be related with the species barrier for infectious transmission of TSEs. We have now extended the structural investigations to the intact recombinant 217-residue bovine prion protein, bPrP(23-230) (see ref. 23 for the numeration used) and its C-terminal fragment bPrP(121-230). The bPrP structure is compared with the other available mammalian PrP structures (15) (16) (17) (18) (19) (20) (21) (22) , and the observed structure variations are related to those in a group of single-amino acid variants of hPrP(121-230) (24) .
Materials and Methods
Recombinant bPrP polypeptides with and without isotope labeling (for details see Results) were prepared by the procedures described previously for hPrP polypeptides (22, 25) . For the NMR structure determinations of bPrP and bPrP(121-230), the procedures used were identical to those in the following paper (24) .
For the hydrogen-deuterium exchange studies, H 2 (28) .
Results
For the present study the polypeptides bPrP(23-230) and bPrP(121-230) were prepared without isotope labeling, uniformly 15 N-labeled, and uniformly 13 C, 15 N-labeled, and we also used a 10% 13 C-labeled sample of bPrP(121-230). For the structure determination we used 1 mM protein solutions either in 90% H 2 O͞10% D 2 O or in 99.9% D 2 O, with addition of 10 mM sodium acetate and 0.05% sodium azide at a pH meter reading of 4.5 and 20°C. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
The NMR structure of the recombinant bPrP(23-230) ( heteronuclear sequential scalar connectivity (30) or one sequential NOE (29) has been observed for each pair of neighboring residues, except for 166 -167, 167-168, 169 -170, 170 -171, and 174 -175. The Xaa-Pro peptide bonds with the prolines 137, 158, and 165 are in the trans conformation, as evidenced by the observation of strong d ␣␦ NOEs (29) . Assignments were obtained for all 11 Tyr rings and the 3 Phe and 4 His rings, with the sole exceptions of CH of His-155 and His-187, and CH of Phe-198. The amide groups of the 7 Asn and 8 Gln residues, the -proton resonances of the 8 Arg residues, and the hydroxyl proton of Thr-183 were assigned by intraresidual NOEs (29) . Stereospecific assignments for the methyl groups of the 13 valyl and leucyl isopropyl moieties in bPrP(121-230) were obtained by biosynthetically directed fractional 13 C labeling (31, 32) and then transferred to bPrP .
In the N-terminal tail of bPrP(23-230), nearly complete sequence-specific assignments were obtained for the residues 23-50 and 92-120. For the six ''octapeptide repeats'' ( -Pro-His͞ Gln-Gly-Gly-Gly [
-Gly ] -Trp-Gly-Gln ) -from positions 51 to 91 (23), sequence-specific assignments were obtained only for the tripeptide segment Pro-Gln-Gly at residues 51-53 and the dipeptide Gly-Gln at residues 90-91, because chemical shift degeneracy prevented further assignments of individual residues (see Fig. 2 ).
For both proteins, bPrP(23-230) and bPrP(121-230), a structure determination was performed for the polypeptide segment of residues 121-230, using the program DYANA (33) . The input for the final structure calculation of the segment 121-230 contained 1,576 and 1,797 NOE upper distance limits for bPrP and bPrP(121-230), and there were 469 and 483 dihedral angle constraints, respectively ( Table 1 ). The same protocol was used for the structure calculation as in the following paper (24) , and the results are given in Table 1 .
The Globular Domain. The domain in bPrP(23-230) is very similar to that in bPrP(121-230) (Fig. 3a) , with an rms deviation value of 0.64 Å between the backbone heavy atoms of residues 125-227 in the mean structures of the two proteins. The near-identity includes the regular secondary structure elements, the core amino acid side chains [ Fig. 1b; for clarity only the all-atom presentation of the domain in bPrP is shown], the hydrogen bonding network with similar long-range connections as in mPrP(121-231) (18) , and the variable precision of the structure determination along the sequence (Fig. 3a) .
The nature of the structural disorder manifested in increased mean atomic displacements for some segments of the polypeptide chain (Fig. 3a) has been probed by amide proton exchange experiments (Fig. 4) and spin-relaxation measurements (Fig. 5) . The amide proton protection factors of bPrP and bPrP(121-230) differ only for the residues 134, 221, and 222 (Fig. 4) . In the regular secondary structures only the residues 188 -194 in helix 2 and residues 221-226 in helix 3 (Fig. 4) are not measurably protected against exchange, which coincides with the reduced precision of the structure determination for these residues (Fig. 3a) . The steady-state 
Discussion
The global architecture of bPrP (Figs. 1a and 2 ) coincides with the structures of the recombinant human, murine, and Syrian hamster prion proteins (16, 20, 22) , implying that conformational transitions between the ubiquitous cellular form and the TSE-related scrapie form follow the same pathway for all four species. With regard to the well-documented species barrier for infectious transmission of prion diseases (14) , it is then of interest to investigate possible species-specific local structure variations in this preserved scaffold. Detailed analysis of the available cellular prion protein structures seems highly attractive also in view of possible use of PrP C as a target for drug development. However, since present knowledge of structurefunction correlations in prion proteins consists primarily of the observation that the same polypeptide chain can be found either in PrP C or PrP Sc , and neither typical protein functions nor possible functional sites have been identified for PrP C , any search for physiologically relevant structural features should start with a rather broad focus.
Comparison of bPrP, hPrP, mPrP, and shPrP. The structure superpositions in Fig. 3 b-d show that the three-dimensional structures of the C-terminal domain in bPrP, hPrP, mPrP, and shPrP are closely similar. hPrP(121-230) is closest to bPrP(121-230), with an rms deviation value of 0.98 Å between the mean structures. The corresponding values for the superpositions of bPrP with mPrP and shPrP are 1.66 Å and 1.68 Å, respectively. Local differences between the backbone conformations are mainly seen near helix 1, and at the end of helix 3 and in the nearby loop of residues 166 -172 (Fig. 3 c and d) . The helix 3 in bPrP, hPrP (22) , and shPrP (21) is a regular ␣-helix up to approximately residue 226 (Fig. 3 a, b, and d) , whereas in mPrP (18) there is significant structural disorder from residue 219 onward (Fig. 3c) . The loop 166 -172 is fully NMR-observable only in shPrP (19, 20) . These two ''conformational markers'' (24) are located near the protein surface and actually protrude out of the core of the structure. They therefore show increased structural disorder (Fig. 3 ) and increased mobility (Fig. 5) . Nonetheless, the structure determinations of three variants of hPrP(121-230) described in the following paper (24) , which include amino acid exchanges in the loop and in helix 3, showed that the species-specific local conformational variations in this surface area of the protein are significant and can be related to single amino acid exchanges between the different species. On the opposite molecular surface, helix 1 overlaps very closely between bPrP and hPrP ( Fig. 3b) , whereas for mPrP and shPrP it is somewhat displaced toward the core of the protein (Fig. 3 c and d) . Similar to the aforementioned two conformational markers, helix 1 is not as precisely defined as the other two helices (Fig.  3) , and it shows lower protection factors for amide proton exchange (Fig. 4) .
PrP C Structure and Species Barriers for Transmission of Prion Diseases.
Within the framework of the protein-only hypothesis (11) (12) (13) , the stringency of the species barrier (34) should be related to the degree of sequence homology between the prion proteins of the host and the infectious material (35, 36) . Polypeptide segments that have been proposed to be critical for the susceptibility of PrP C to transformation into PrP Sc are now known to be located in the globular domain. In particular, the two aforementioned molecular surface regions formed by helix 1, and by the loop 166 -172 and helix 3, respectively, have been proposed as sites for intermolecular interactions that might contribute to the species barrier (14, 37, 38) . A closer inspection shows that in addition to the near-identity of the backbone of helix 1 between bPrP and hPrP (Fig. 3b) , the two species have identical sequences in helix 1 and the adjoining loops (refs. 23 and 39; see also the following paper, ref. 24) . In contrast, the three sequence positions 143, 145, and 155 in or immediately adjacent to helix 1 show nonconservative amino acid exchanges between bPrP (or hPrP) and either mPrP or shPrP. These variations include Ser͞Asn, Tyr͞Trp, and His͞ Tyr or Asn substitutions on the protein surface, which clearly modify the propensity for intermolecular interactions.
In the surface region formed by helix 3 and the loop of residues 166 -172, hPrP is unique in carrying a charge of Ϫ3, whereas the corresponding charge in the other three species is Ϫ1. Similarly, bPrP is unique in carrying a negative charge in position 186, which contains an uncharged, polar residue in the other three species. The resulting different surface charge distributions in bPrP and hPrP are readily apparent in Fig. 1  c and d , which further illustrates that there are no charge variations between these two species outside of the loop 166 -172, position 186 and the C-terminal half of helix 3 (23, 24, 39) .
In conclusion, if interactions with the surface area of PrP C formed by helix 1 are a factor contributing to species barriers, the present comparison of the NMR structures of four prion proteins indicates that this contribution to the barrier between cattle and humans would be very small or completely absent, whereas its impact could be rather important for the barrier between either of these two species and the mouse or the Syrian hamster. Similar considerations for the PrP C surface areas formed by the loop 166 -172, residue 186, and the C-terminal part of helix 3 indicate that contributions to a species barrier between humans and cattle would have to be due to different surface charge distributions, whereas conformational differences might contribute to or even represent a dominant factor in the species barriers between cattle (or humans) and mice or Syrian hamsters (2, 37, 38) , as well as between mice and Syrian hamsters (35, 36, 40, 41) . It remains to be seen in what ways the identification of surface charge variation as the sole relevant feature of the PrP C structure with regard to the species barrier between humans and cattle could be exploited for gaining further insight into the role of PrP C in the determination of species barriers, and perhaps for outlining novel avenues for assessing or even modifying the barrier for transmission of prion diseases between specified species combinations.
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